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The formation of moiré patterns in crystalline solids can be used to manipulate their electronic properties, which are fundamentally influenced by periodic potential landscapes. In two-dimensional materials, a moiré pattern with a superlattice potential can be formed by vertically stacking two layered materials with a twist and/ or a difference in lattice constant. This approach has led to electronic phenomena including the fractal quantum Hall effect 1-3 , tunable Mott insulators 4,5 and unconventional superconductivity 6 . In addition, theory predicts that notable effects on optical excitations could result from a moiré potential in two-dimensional valley semiconductors 7-9 , but these signatures have not been detected experimentally. Here we report experimental evidence of interlayer valley excitons trapped in a moiré potential in molybdenum diselenide (MoSe 2 )/tungsten diselenide (WSe 2 ) heterobilayers. At low temperatures, we observe photoluminescence close to the free interlayer exciton energy but with linewidths over one hundred times narrower (around 100 microelectronvolts). The emitter gfactors are homogeneous across the same sample and take only two values, −15.9 and 6.7, in samples with approximate twist angles of 60 degrees and 0 degrees, respectively. The g-factors match those of the free interlayer exciton, which is determined by one of two possible valley-pairing configurations. At twist angles of approximately 20 degrees the emitters become two orders of magnitude dimmer; however, they possess the same g-factor as the heterobilayer at a twist angle of approximately 60 degrees. This is consistent with the umklapp recombination of interlayer excitons near the commensurate 21.8-degree twist angle 7 . The emitters exhibit strong circular polarization of the same helicity for a given twist angle, which suggests that the trapping potential retains threefold rotational symmetry. Together with a characteristic dependence on power and excitation energy, these results suggest that the origin of the observed effects is interlayer excitons trapped in a smooth moiré potential with inherited valley-contrasting physics. This work presents opportunities to control two-dimensional moiré optics through variation of the twist angle.
Heterobilayers formed by monolayer semiconducting transition-metal dichalcogenides are of interest in the study of nanoscale semiconductor optoelectronics with valley functionality 10, 11 . Vertically stacked MoSe 2 and WSe 2 monolayers, for example, exhibit an atomically sharp interface and a type-II band alignment that hosts interlayer excitons-the Coulomb-bound state between electrons and holes located in different monolayers. Under circularly polarized optical pumping, electrons and holes preferentially populate the ±K valleys in the MoSe 2 conduction band and the WSe 2 valence band, respectively. This enables the formation of interlayer excitons with many appealing properties, such as valleycontrasting physics [7] [8] [9] [10] [12] [13] [14] [15] [16] , long population and valley lifetimes 10, [17] [18] [19] , high electrical tunability 10, 15, 17, 20 and strong many-body interactions 10, 17, 18 .
One possibility, which has so far been explored only theoretically, is to harness the spatially periodic moiré superlattice potential for excitonic manipulation. Recently, scanning tunnelling microscopy and spectroscopy have been used to directly measure the moiré pattern of two-dimensional (2D) semiconductor heterobilayers, showing a periodically varying interlayer separation and electronic bandgap 21 . The periodicity of this moiré superlattice is determined by the mismatch in the lattice constants of the layers and by the twist angle (θ) between the layers (Fig. 1a ). When the moiré period is larger than the interlayer exciton Bohr radius (around 1 nm), excitons will experience a spatially periodic potential modulation, forming a solid-state analogue of a bosonic quantum gas in an optical lattice 22 . Moiré potential minima can function as smooth quantum-dot-like confinement potentials (Fig. 1b) , and unique to these moiré-defined trapping sites is the preservation of three-fold rotational (C 3 ) symmetry 8, 9 . Therefore, moiré-trapped interlayer excitons should inherit valley-contrasting properties, a feature that distinguishes them from excitons bound to other randomly formed extrinsic potential traps.
In this work, we report experimental signatures of interlayer excitons trapped in a moiré potential in MoSe 2 /WSe 2 heterobilayers. We present data from two devices; each device consists of two heterobilayers that were simultaneously fabricated from the same pair of monolayers, but contains regions with different values of θ (see Methods). This procedure minimizes uncertainties when comparing the interlayer exciton properties at different twist angles. Device 1 contains heterobilayers in which θ = 2° and θ = 20° ( Fig. 1c ), whereas device 2 has regions in which θ = 6° and θ = 57°. MoSe 2 /WSe 2 heterobilayers with aligned crystallographic axes generally exhibit bright interlayer exciton photoluminescence at around 1.3 to 1.4 eV with a typical linewidth of the order of 10 meV. Figure 1d shows photoluminescence spectra from the θ = 2° and θ = 20° regions of device 1 under HeNe laser excitation (power, 5 µW; wavelength, 632.8 nm; beam spot size, approximately 1 µm 2 ; temperature, 1.6 K). In both regions of the heterobilayer, intralayer exciton photoluminescence at around 1.65 eV is strongly quenched relative to photoluminescence from the isolated monolayers, owing to ultrafast interlayer charge transfer 23 . However, there is a stark contrast in interlayer exciton photoluminescence intensity between the two regions, with the 2° region being more than two orders of magnitude brighter than the 20° region. This is due to the large mismatch of the first Brillouin zone corners between electrons and holes in the 20° heterobilayer; the mismatch strongly suppresses the photoluminescence quantum yield in comparison to the 2° sample, in which these corners are almost completely aligned.
Under much lower excitation power (20 nW), close to the resonance of the monolayer WSe 2 A exciton (1.72 eV), the broad interlayer photoluminescence spectrum develops into several narrow peaks near the free interlayer exciton energy at around 1.33 eV ( Fig. 1e , Extended Data Fig. 1 ), which fit well to Lorentzian curves ( Fig. 1e , inset). The average linewidth of the observed peaks is about 100 µeV, which is comparable to those of quantum emitters reported in monolayers of WSe 2 (refs [24] [25] [26] [27] ) and hexagonal boron nitride 28 , and two orders of magnitude Letter reSeArCH narrower than previous reports of interlayer exciton photoluminescence 10, [12] [13] [14] [17] [18] [19] 29, 30 . Narrow photoluminescence peaks and power broadening were also observed in the 57° and 20° samples (Extended Data Fig. 1 ).
The evolution of the broad interlayer photoluminescence peak into several narrow lines at low power suggests that there exist confinement potentials that trap the interlayer excitons. Strong power saturation and power broadening are characteristic of trapped excitons: under highpower excitation, traps fill up and delocalized excitons with broadened linewidth dominate the emission. Moreover, narrow-line emission is suppressed at temperatures greater than 30 K, above which broader photoluminescence peaks dominate the spectrum (Extended Data Fig. 2 ). To substantiate the assignment of these features to interlayer excitons we performed low-power photoluminescence excitation spectroscopy, scanning a continuous-wave laser from 1.55 eV to 1.77 eV while monitoring the intensity of the narrow photoluminescence peaks. The photoluminescence excitation spectrum in Fig. 1f features two prominent resonances, which is consistent with the absorption of MoSe 2 and WSe 2 intralayer excitons; this establishes that the narrow photoluminescence lines arise from interlayer excitons 17 .
The trapped interlayer excitons exhibit strong valley polarization. , where I + (I − ) is the intensity of σ + (σ − ) photoluminescence, narrow peaks in the 57° and 20° heterobilayers display over 70% valley polarization ( Fig. 2a, b ). For the 2° sample the selection rule is reversed, with σ − emission dominating under σ + excitation (that is, η < 0). We confirmed the time-reversal process using σ − excitation, observing co-circularly polarized photoluminescence for the 57° and 20° heterobilayers and cross-circularly polarized photoluminescence for the 2° sample (Extended Data Fig. 3 ). Furthermore, under linearly polarized excitation, no substantial linear photoluminescence polarization components were detected (Extended Data Fig. 4 ). Additional samples, in which θ differed but remained close to 0° and 60°, showed similar narrow photoluminescence features and polarization properties (Extended Data Fig. 3 ).
The circular polarization properties of the trapped interlayer excitons are distinct from those of the quantum emitters reported in monolayer materials. Monolayer quantum emitters exhibit either intrinsically linearly polarized or unpolarized photoluminescence [24] [25] [26] [27] , unless under high magnetic fields or after strong doping of the material and the subsequent formation of trions 31 . Fine-structure splitting observed in linearly polarized monolayer emitters suggests anisotropy of the trapping potential, which breaks the three-fold rotational symmetry of the host lattice 24 . In contrast to monolayer excitons, the polarization properties of trapped interlayer excitons are determined by the local interlayer atomic registry [7] [8] [9] . The fact that we observe strong circular polarization with the same helicity for all emitters in a given sample suggests that a common interlayer atomic registry with C 3 symmetry exists at all trapping locations. Extrinsic effects, which would be randomly distributed among various locations within the moiré lattice, are therefore unlikely to cause the trapping. Conversely, a possible intrinsic trapping mechanism is the potential landscape resulting from the moiré superlattice, which naturally forms arrays of confinement centres at local atomic configurations that maintain C 3 symmetry 8, 9 . This preserves circularly polarized valley optical selection rules and generally allows for both co-and cross-circularly polarized emission by interlayer excitons 8, 9, [14] [15] [16] 29, 32 (see Methods) .
To further support a role of the moiré potential in producing these effects, we performed magneto-photoluminescence spectroscopy to Letter reSeArCH effect; however, the same peak structures are maintained, as illustrated by the spectra at 3 T ( Fig. 3, top) . The full magnetic-field dependence is illustrated by plotting the total photoluminescence intensity against emission energy and magnetic field B (middle row of Fig. 3 ). For a given twist angle we observe that, for all photoluminescence peaks, the energies of the σ + and σ − emission shift equally and in opposing directions. Because several peaks are closely spaced in energy (around 1 meV or less), large energy shifts result in crossing points between the σ + and σ − emission of different photoluminescence peaks at high magnetic fields. The bottom row of Fig. 3 shows the energy difference between σ + and σ − photoluminescence (Δ = E σ+ − E σ− , where E σ+ (E σ− ) is the peak energy of σ + (σ − ) polarized photoluminescence) of representative trapped interlayer excitons in each twisted heterobilayer. The extracted g-factor of 6.72 ± 0.02 for the θ = 2° heterobilayer is the same as that of the free interlayer exciton in samples in which θ is close to 0° (Extended Data Fig. 5 ). For θ = 57°, the effective g-factor is −15.89 ± 0.03, which is also very close to the g-factor of −15.1 ± 0.1 reported 12 for free interlayer excitons in heterobilayers in which θ = 54°. We found that the g-factor is not only uniform between different trapped interlayer excitons in the same heterobilayer, but is also the same for different heterobilayers with similar twist angles (Extended Data Fig. 6 ).
A major difference between heterobilayers with approximate twist angles of 0° and 60° lies in the contribution of the valley to the magnetic moment, arising because of the differences in conduction-valence valley pairing. The bright interlayer exciton configuration can be uniquely specified by the valley index pair (τ c , τ v ), which is (+, +) or (−, −) when θ is close to 0° ( Fig. 4a ) and (+, −) or (−, +) when θ is close to 60° (Fig. 4b) . Consequently, when θ is close to 0°, the spin-singlet excitonic Zeeman splitting is similar to that of monolayers and may be written as ∆ 0 = −2(2 − ∆α)μ B B, where μ B is the Bohr magneton, and the valley contribution, ∆α = α c − α v , is the difference between conduction-and valence-band valley g-factors. When θ is approximately 60° the valley contribution changes to a summation 12 , which gives rise to Zeeman shifts of much larger magnitude; ∆ 60 = −2(2 + Σα)μ B B, where Σα = α c + α v , and thus the effective interlayer exciton g-factor is larger than for the heterobilayers in which θ is approximately 0°.
We note that in heterobilayers for which θ is close to 60°, it is possible that the emission arises from spin-flip optical transitions. In this case, the Zeeman shift is ∆ 60 ʹ = −2(4+Σα)μ B B, which is also considerably larger than the case in which θ is approximately 0° (see Methods).
The g-factor of an interlayer exciton is therefore representative of its valley configuration and its valley magnetic moment. Excitons bound to defects or strain-confined potentials observed in monolayer WSe 2 typically have a wide distribution of g-factors across a given sample 24 , which suggests that the bulk crystal structure is not well retained over the extent of the exciton wavefunction. Conversely, for the trapped interlayer excitons, different emitters in similar stacking configurations have nearly the same g-factor, which is determined by the valley pairing and matches that of the free interlayer exciton. The trapping potential must therefore be sufficiently smooth and three-fold rotationally symmetric to enable the valley properties to be inherited from the heterobilayer bulk. Although strain, doping variations or interlayer impurities could provide smooth potentials, the random trapping locations that would be expected are not consistent with the nearly uniform polarization observed. Moreover, that the circular polarization and g-factor have opposite signs in heterobilayers with approximate twist angles of 0° and 60° is inconsistent with randomly distributed trapping sites; however, these observations fit naturally into the moiré description (see Methods for additional discussion).
Another finding that further supports the above description is that the g-factor of interlayer excitons when θ = 20° is −15.78 ± 0.05 (bottom row, Fig. 3c ), which is nearly the same as that of the heterobilayer in which θ = 57°. This can be explained by first recognizing that 21.8° is the commensurate stacking angle 7 that produces the shortest superlattice periodicity, with a supercell of size × a a 7 7 , where a is the lattice constant. Figure 4c shows the conduction-and valence-band edges of a heterobilayer in the extended Brillouin zone scheme, in which red and blue denote +K and −K valleys, respectively. For a random twist angle, the valleys from MoSe 2 and WSe 2 are in general not aligned in momentum space, and thus interlayer excitons are momentumindirect and optically dark. At a twist angle of 21.8°, conduction and valence band ±K points are misaligned in the first Brillouin zone but overlap in the second Brillouin zone, with valley pairings of (+, −) and Letter reSeArCH (−, +). As a result, interlayer excitons at this commensurate stacking can couple directly to light and undergo radiative recombination, with momentum mismatch from the twisting compensated by reciprocal lattice vectors from the two layers (that is, umklapp recombination) 7 . Because the valley pairings of the 21.8° heterobilayer are the same as those of the 60° heterobilayer, they have the same g-factor. The optical dipole of the umklapp recombination is expected to be very weak compared to that of direct recombination at 0° and 60° (ref. 7 ). Indeed, our measurement reveals that the photoluminescence intensity when θ = 2° is about 100 times stronger than that when θ = 20° (Extended Data Fig. 7) . Furthermore, the θ = 20° heterobilayer forms a concatenated moiré pattern with a moiré wavelength of about 4 nm and potential minima with three-fold rotational symmetry, as schematically shown in Extended Data Fig. 8 (see Methods) .
Finally, we comment on some subtle features of the observed trapped interlayer excitons. The photoluminescence is non-uniform in terms of the number of emission lines, and their relative intensities and energies (Extended Data Fig. 9 ). In the ideal case of a perfect moiré superlattice, potential minima in different moiré supercells would be degenerate. The repulsive interaction between excitons in the same trap or in neighbouring traps can blue-shift the emission resonance, and only a few photoluminescence lines might be expected in a pristine sample with a perfect moiré pattern. In our experiments, many separate peaks were detected within the laser excitation spot, which suggests inhomogeneity in the moiré superlattice potential that causes traps to become non-degenerate. This is not surprising because imperfections are expected during the fabrication process; the generation of a homogenous moiré pattern by mechanical transfer remains a challenge in the community. Photon-correlation measurements are required to ascertain whether each photoluminescence line corresponds to a single emitter or to multiple emitters. Some narrow photoluminescence peaks may originate from the cascaded emission of multi-exciton states in a single trap or in several neighbouring traps, given that the energy spacing of several of the observed photoluminescence lines is of the same order as the repulsive interaction between proximate interlayer excitons. Improved sample quality and possibly new scanning probe techniques, such as near-field scanning microscopy with a spatial resolution of less than 10 nm, may address these issues and provide more direct evidence of the moiré superlattice. However, our observations provide a starting point from which to explore several theoretical proposals related to quantum photonics 8, 33 , such as entangled photon sources, giant spin-orbit coupling, and topological excitons.
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Sample fabrication. The samples consist of mechanically exfoliated monolayers of MoSe 2 and WSe 2 , stacked using a dry-transfer technique and aligned deterministically with 1° uncertainty, encapsulated between hexagonal boron nitride (approximately 10-30 nm) to provide an atomically smooth substrate. The crystal orientation of the individual monolayers was determined by linear-polarizationresolved second-harmonic generation 10 before transfer. During the transfer process for device 1, a region of the WSe 2 monolayer tore off and twisted 18° relative to the original piece (see Fig. 1c ). This yielded heterobilayers with θ = 2° and 20°. Device 2 was fabricated from a large WSe 2 monolayer and a MoSe 2 piece with two overlapping monolayers (monolayer-bilayer-monolayer). The two MoSe 2 monolayer regions are formed from different layers of a 2H-bilayer, so they were oriented 60° relative to one another before transfer. Therefore, after transfer, device 2 possessed two heterobilayer regions, one with a twist angle close to 0° (6°) and another with a twist angle close to 60° (57°). The difference in twist angle between the two heterobilayer regions deviates from the expected 60° because one of the MoSe 2 monolayer regions rotated slightly during transfer. To verify the absolute stacking orientation, we used a phase-resolved second-harmonic generation technique, as described in our previous work 34 . This yielded a reference heterobilayer sample with a twist angle of 56°, on which we measured a g-factor close to −15.9 (Extended Data Fig. 6c ). The two regions of device 2 were then measured to have g-factors of 6.7 and −15.9, which confirmed their different stacking orientations, as well as the general correspondence between samples with twist angles close to 0° or 60° and their g-factors. The absolute twist angle for samples with values close to 0° or 60° was ultimately determined by the g-factor (close to 6.7 for θ ≈ 0° and close to −15.9 for θ ≈ 60°). Photoluminescence measurements. Photoluminescence measurements were performed in a lab-built confocal microscope in reflection geometry, with the sample mounted in an exchange-gas cooled cryostat equipped with a 9 T superconducting magnet in Faraday configuration. The sample temperature was kept at 1.6 K unless otherwise specified. A power-stabilized and frequency-tunable narrow-band continuous-wave Ti:sapphire laser (M 2 SolsTiS) was used to excite the sample unless otherwise specified. The photoluminescence was spectrally filtered from the laser using a long-pass filter before being directed into a spectrometer, where the photoluminescence was dispersed by a diffraction grating (600 or 1,200 grooves per mm) and detected on a silicon charge-coupled device. At the interlayer photoluminescence energies of about 1.4 eV, the spectral resolution was around 160 µeV for the grating containing 600 grooves per mm (Figs. 1d, e, 2b, 3b ) and about 80 µeV for the sample with 1,200 grooves per mm (Figs. 1e inset, 2a-c, 3a-c). Polarization-resolved photoluminescence data were acquired using a combination of quarter-wave plates, half-wave plates and linear polarizers for excitation and collection.
Time-resolved photoluminescence data (Extended Data Fig. 10) were acquired using a time-correlated single-photon counting module (PicoHarp 300) with a supercontinuum fibre laser (pulse duration, around 10 ps; repetition rate, around 3 MHz; average power, 100 nW) at 720 nm for excitation and a silicon avalanche photodiode for detection. The narrow emission lines were spectrally filtered (collection width of about 2 meV) through a spectrometer before detection on the avalanche photodiode.
Comparison of trapping mechanisms: moiré potential and extrinsic effects.
Here we give a detailed comparison between extrinsic trapping mechanisms (defects or other random potentials) and the intrinsic moiré potential. All the points below indicate that extrinsic effects cannot explain our experimental results, whereas the moiré potential can.
Although the exact origin of quantum emitters in monolayers is currently unclear, they are generally thought to arise from excitons bound to defects 35 , impurities or strain-induced potential traps 36, 37 . Similar traps can certainly exist in the MoSe 2 / WSe 2 heterobilayer samples, and they could potentially serve as interlayer exciton trapping sites. For such traps, the 2π/3-rotational (C 3 ) symmetry is generally broken, and the electron-hole exchange interaction then leads to a longitudinaltransverse splitting of the exciton. In our experiments, we did not resolve any longitudinal-transverse splitting for trapped interlayer excitons, which could be due to the weaker Coulomb exchange (proportional to the probability for the electron and hole to overlap) for interlayer excitons than for intralayer excitons. Nevertheless, the longitudinal-transverse splitting of an interlayer exciton, even if not resolvable in photoluminescence, can still lead to efficient valley depolarization given the long radiative lifetime of interlayer excitons. The radiative lifetime, compared to that of the intralayer exciton, is increased by roughly the same factor as the longitudinal-transverse splitting is reduced; that is, the probability for the electron and hole to overlap in the vertical direction. We have performed time-resolved photoluminescence measurements (Extended Data Fig. 10 ) that show that the photoluminescence polarization remains large (around 70%) over 200 ns (valley depolarization rate < 10 neV), during which the photoluminescence intensity almost drops to zero. This suggests the longitudinal-transverse splitting is intrinsically absent, which implies the preservation of the C 3 symmetry of the trapping site. The evidence thus points to the moiré potential as the trapping mechanism, instead of defects or other random traps.
The fact that all emission lines have a uniform sign of circular polarization across each sample of a given twist angle is another piece of strong evidence that points to moiré trapping. As established in earlier theoretical studies [7] [8] [9] , the polarization of interlayer exciton photoluminescence is determined by the local crystal symmetry within the moiré pattern. For an interlayer exciton of a given valley configuration, the emission can be either left-or right-circularly polarized, or unpolarized, depending on the local interlayer atomic registry. If the trapping is due to extrinsic traps such as defects, their random locations will correspond to various local atomic registries in the moiré. As a result, the emission polarization will be random across the sample, that is, co-polarized or cross-polarized with the excitation laser, or unpolarized. Our experimental observations show that this is not the case. The uniform photoluminescence helicity for each sample suggests the same interlayer registry exists at all emission locations, which is consistent with the moiré trapping potential.
The photoluminescence polarization of all emitters is cross-polarized for heterobilayers with a twist angle close to 0° and co-polarized for those with a twist angle close to 60°. This fact is inconsistent with random extrinsic traps but is an expected consequence of the distinct moiré trapping in 0° and 60° samples, in which both the polarization of the photoluminescence and the potential landscape of interlayer excitons are connected to the local crystal symmetry within the moiré superlattice.
Both scanning tunnelling microscopy measurements 21 and first-principles calculations 89 show that different local atomic registries correspond to different local bandgap values in transition metal dichalcogenide heterobilayers. In a heterobilayer moiré pattern, this bandgap modulation introduces a potential landscape that defines the moiré traps for the interlayer excitons. Theory shows three For MoSe 2 /WSe 2 samples with twist angles close to 0°, first-principles calculations show that the local potential minima are located at B sites with a potential depth of about 30 meV. For the MoSe 2 /WSe 2 samples with θ close to 60°, the density functional theory calculation of local bandgaps shows a relatively small variation of around 10 meV. In the latter case, the moiré modulation of the exciton binding energy (through the local registry dependence of the interlayer distance, refs. 8, 21 ) can become important. However, the determination of the binding energy modulation requires quantitative details of the interlayer Coulomb interaction, which needs substantial future work to address.
The bright interlayer exciton has two valley pairings (τ c ,τ v ) = (+,+) and (−,−) for when stacking is approximately 0°, or (τ c ,τ v ) = (−,+) and (+,−) when stacking is approximately 60° or 21.8°. When exciting at the monolayer exciton resonance in WSe 2 with a σ + laser, most of the excited holes will reside in the +K valley. The majority interlayer exciton species is then the (+,+) valley pairing in the approximately 0° sample and the (−,+) valley pairing in the samples with twist angles of approximately 60° and 21.8°. They have distinct valley optical selection rules when localized at the three moiré potential minima sites [7] [8] [9] 32 . For spin-singlet interlayer excitons with spin-conserved optical transitions, the valley pairing (τ c ,+) at A, B or C can emit a σ + , σ − or an out-of-plane polarized photon, respectively, whereas for spin-triplet interlayer excitons with spin-flip optical transitions, the valley pairing (τ c ,+) at A, B or C can emit an out-of-plane, σ + or σ − polarized photon, respectively.
In samples with a twist angle close to 0°, we expect the photoluminescence emission to arise mostly from the spin-singlet interlayer exciton localized at B, which has the lowest energy. The majority valley pairing (+,+) will emit a σ − photon, which exhibits cross-circular polarization with the excitation laser, consistent with the experimental observation.
Conversely, in samples with twist angles close to 60° or 21.8°, the lowest energy bright interlayer excitons can have the spin-triplet configuration due to the MoSe 2 conduction-band spin alignment. In heterobilayers, the optical dipole of the spin-triplet exciton-despite its spin-flip nature-can be comparable to that of the spin-singlet exciton 32 . The photoluminescence emission from these samples can then arise from either the spin-triplet or the spin-singlet excitons. The observed co-polarized photoluminescence emission suggests that the emitters can either be spin-singlet interlayer excitons at A sites or spin-triplet interlayer excitons at B sites. Interlayer exciton g-factors. As shown in Fig. 4a, b , the Zeeman shift of the conduction-or valence-band edges has three contributions: spin (∆ s = 2s z μ B B), atomic orbital (∆ a = l i μ B B) and a valley contribution (∆ ν = τα i μ B B) from the Berry phase effect [38] [39] [40] [41] . Here, τ = ±1 is the valley index, s z = ±1/2 is the electron spin index, Letter reSeArCH μ B is the Bohr magneton, α i is the valley g-factor for the conduction (i = c) or valence band (i = v), and l i is the magnetic quantum number for the atomic orbitals at band i (l c = 0 and l v = 2τ). α c = m 0 /m e * and α v = m 0 /m h * according to a simplified 2-band k·p description of the band edges 42 with m e * (m h *) the electron (hole) effective mass and m 0 the free electron mass. The two spin-split conduction bands have close effective masses, so we expect their α c values to be about the same. The Zeeman splitting of the interlayer exciton is then the difference between the Zeeman shifts of the conduction-band edge in MoSe 2 and the valence-band edge in WSe 2 .
For spin-conserved optical transitions, the spin contributions of the electron and the hole to the interlayer exciton Zeeman shift cancel each other out, and only The sign of the g-factor depends on how the Zeeman splitting is defined. If the Zeeman splitting is defined as the energy of the (τ c , +) interlayer exciton minus that of (−τ c , −), that is, according to the hole valley index, then the obtained g-factors should always be negative, that is, given by
However, in the experiments, we can use only the photoluminescence polarization to distinguish the time-reversal pair of valley configurations, so the Zeeman splitting is defined here as the energy of the σ + photoluminescence peak minus the energy of the σ − photoluminescence peak. The valley optical selection rule-namely whether (τ c , +) emits an σ − or an σ + photon-then determines the sign of the g-factor. For the sample with a twist angle of 2°, our measured g-factor of +6.7 implies that the photoluminescence emission arises from spin-singlet interlayer excitons localized at the B trapping site of the moiré supercell, whereas for the samples with twist angles of 57° or 20°, the g-factor of −15.9 implies that the photoluminescence emission is from spinsinglet interlayer excitons localized at A or spin-triplet interlayer excitons localized at B. The different signs of the g-factors are also consistent with the co-circular photoluminescence polarization for the 57° and 20° samples and cross-circular polarization for the 2° sample, as discussed in the previous section 'Comparison of trapping mechanisms: moiré potential and extrinsic effects' . Heterobilayer moiré pattern for a twist angle close to 21.8°. For two transition-metal dichalcogenide monolayers with the same lattice constant a, a twist angle of 21.8° corresponds to a commensurate pattern with the smallest supercell size × a a ( 7 7 ). Like the 0° or 60° lattice-matched case, here the commensurate 21.8° bilayer also has an interlayer translation degree of freedom, which defines the different stacking configurations. In Extended Data Fig. 8a -c, we show three C 3 -symmetric stacking patterns at 21.8°. In a, the stacking corresponds to a metal site (M) in the electron layer overlapped with a metal site in the hole layer. In b, a hexagon centre (h) in the electron layer overlaps with a hexagon centre in the hole layer. In c, a chalcogen site (X) in the electron layer overlaps with a chalcogen site in the hole layer. In the 21.8° heterobilayer of the stacking in a, b and c, a spinsinglet interlayer exciton with the valley pairing (τ c , τ v ) = (−, +) then has the C 3 quantum numbers +1, −1 and 0 respectively 8, 32 . This suggests that for the stacking in a, the (−, +) interlayer exciton can emit a σ + circularly polarized photon, whereas for the stacking in b, it can emit a σ − circularly polarized photon. The slight deviation θ δ of the twist angle from the commensurate 21.8° will give rise to a concatenated moiré pattern. Different local regions correspond to 21.8° commensurate stacking of different interlayer translation, as shown in Extended Data Fig. 8d , where the A, B and C locales correspond to the stacking pattern in Extended Data Fig. 8a, b and c, respectively. The moiré periodicity is given by θ δ a 7
. Meanwhile, the stacking-dependent interlayer hopping can lead to the periodic change of electronic bandgaps 43 , which gives rise to a spatially modulated excitonic potential E(R), where R is the centre position of the localized interlayer exciton. At locations A, B or C, the C 3 symmetry requires ∇ R E(R) = 0, meaning that they correspond to energy extrema. Thus, an interlayer exciton will be localized at A, B or C trapping sites in the near-21.8° moiré pattern. As with the θ = 2° and θ = 57° moiré patterns, interlayer excitons in our 20° heterobilayer that are trapped in such potential minima can retain circularly polarized valley optical selection rules, consistent with the high degree of photoluminescence polarization observed.
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